Motivated by the recent LHCb flavor anomalies, we consider a model with an L µ − L τ gauge symmetry and additional vector-like fermions. We find that by introducing supersymmetry the model can be made consistent with the long-standing deviation in the measured value of the anomalous magnetic moment of the muon, (g − 2) µ , and neutralino dark matter of broad mass ranges and properties. In particular, dark matter candidates include the well-known 1 TeV higgsino, which in the MSSM is typically not compatible with solutions to the (g − 2) µ puzzle. Moreover, its spin-independent cross section could be at the origin of the recent small excess in XENON-1T data. We apply to the model constraints arising from flavor precision measurements and direct searches at the Large Hadron Collider and show that they do not currently exclude the relevant parameter space region. * a luc.darme@ncbj.gov.pl
Introduction
In the last few years several B-physics experiments have reported a number of deviations from the Standard Model (SM) in flavor-changing b → s transitions, which might possibly suggest the presence of new physics. Anomalies have been first observed in the angular observable P 5 , measured at the Large Hadron Collider's B-meson factory LHCb [1] (also confirmed by the Belle experiment [2]), and in the branching ratios for decays B s → φµ + µ − [3] and B → Kµ + µ − [4] . While these observables are not necessarily associated with very clean signatures of new physics, as the QCD uncertainties in their calculation tend to be sizable, their anomalies have been backed up by reported deviations (or, more precisely, deficits) in the QCD-clean observables R K and R K * [5, 6] , the ratios of semi-leptonic B-meson decays to a kaon and a pair of electrons or muons, which seem to additionally indicate a violation of lepton-flavor universality (LFUV). While the limited local statistical significance of the latter anomalies, 2.6 and 2.2 σ, respectively, all but prevents one from claiming a genuine new physics phenomenon, 1 it gives nonetheless rise to interesting speculations about the possible nature of the mechanisms responsible for their emergence.
Interestingly, the observation of LFUV signals that specifically involve muons can evoke enticing parallels with the longstanding ∼ 3.5 σ discrepancy from the SM value observed in the measurement of the anomalous magnetic moment of the muon, (g−2) µ , at Brookhaven [10] . In light of the wave of renewed interest in the (g − 2) µ anomaly with the onset of new experiments at Fermilab [11, 12] and, in the near future, J-PARC [13, 14, 15, 16, 17] , which are expected to improve the sensitivity of the BNL experiment by a factor of four, it becomes compelling to try and address all these lepton-related anomalies within a common framework beyond the SM (BSM).
Viable BSM scenarios explaining the LFUV b → s anomalies are generally roughly divided into three categories. The first two categories involve tree-level interactions characterized by the exchange of a new gauge boson (Z ) (see [18, 19, 20, 21] for early studies), or of a leptoquark [22] . In the former case, new scalars and vector-like (VL) fermions may also be added to the model, if the flavor-violating couplings are to be generated dynamically [23] . Scenarios with a new Z gauge boson have been shown to be able to additionally accommodate the (g − 2) µ anomaly, most easily when the Z is much lighter than ∼ 1 GeV and feebly interacting [24, 25] , but also when the new states lie at, or just above, the electroweak symmetry-breaking (EWSB) scale [26] . In the third category, loop-level box diagrams built out of new Yukawa couplings of BSM scalars and VL fermions can be used to fit the experimental b → s deviations [27, 28] , albeit the Yukawa couplings required are O(∼ 2), which usually signals a breakdown of perturbativity at energy scales as low as a few hundred TeV.
On the other hand, typical box diagrams that can be constructed out of the gauge and Yukawa couplings of SM-like size, like those of the Minimal Supersymmetric Standard Model (MSSM), do not give large enough contributions to explain the LFUV anomalies, even in the case where general flavor-violating interactions are allowed [7, 9] . It has been shown that introducing R-parity violating interactions, in particular those generated by an LQD c superpotential term, can enhance squark-mediated loop contributions so that the b → s anomalies are accommodated [29, 30, 31] . However, uncomfortably large values of R-parity violating couplings are required in this case. When it comes to the (g − 2) µ anomaly, on the other hand, supersymmetric (SUSY) spectra featuring sleptons, charginos, and neutralinos in the few hundred GeV range are known to provide a viable solution, as long as they happen to be much lighter than the states charged under SU(3) [32, 33] , which are strongly constrained by the 125 GeV Higgs boson mass and direct LHC searches.
One issue of great interest in the context of constructing viable SM extensions is the nature of dark matter (DM) in the Universe. The presence of a DM candidate can be easily accommodated in nearly all of the models mentioned above, as long as they feature a discrete symmetry stabilizing the DM candidate. The latter might emerge as a remnant Z 2 from the breaking of the new abelian gauge group in models with a Z boson, or be due to R-parity in SUSY models, or other. However, in the most basic simplified models engineered to explain the flavor anomalies the DM candidate does not emerge as a natural byproduct of the theory, but it is rather added by hand. For example, in SM extensions by a new abelian gauge symmetry, which provide one of the most natural frameworks for the violation of flavor universality, a viable DM particle takes generally the form of an extra inert scalar field, which does not play a part in the spontaneous breaking of the new gauge symmetry [34, 26, 35, 36, 37] , or of an extra DM fermion [38, 39, 40, 41, 42, 43, 44] . From this point of view, extensions of the SM based on SUSY offer the advantage of having the DM candidate, which is already embedded naturally in the theory, in the form of the lightest neutralino.
One might consider other reasons why it is worth exploring the possibility of a SUSY extension as a viable explanation for the b → s anomalies, (g −2) µ , and the relic DM density. Besides protecting the parameters of the scalar sector against large quantum corrections, SUSY provides a framework for the presence of a large number of particles in the spectrum, which end up greatly facilitating an explanation of the (g −2) µ anomaly with much a broader range of DM mass values than in typical models not based on supersymmetry. In fact, in typical non-SUSY Z models one is constrained by the measurement of (g − 2) µ to a rough upper bound for the DM mass, m DM 250 GeV [26] . Incidentally, note that this feature has been very recently employed in [45] , where a U (1)-extension of the SM with two extra singlet superfields was supersymmetrized. Because of the large number of neutralinos in the spectra, it was shown there that the parameter space in agreement with the (g −2) µ anomaly is also consistent with a larger neutralino mass scale than in the MSSM, and with data from a set of neutrino experiments that is not explained in analogous non-SUSY scenarios.
In the context of the weakly interacting massive particle (WIMP) paradigm having a heavier DM is particularly appealing. Firstly, light WIMPs are becoming increasingly constrained by direct DM searches, both at the LHC and, especially, in underground Xenon detectors. The TeV-scale range of WIMP mass, on the other hand, is much unscathed by the current direct bounds. Secondly, DM at the TeV scale has emerged after the discovery of the 125 GeV Higgs boson as a natural favorite in many models of new physics, and particularly in SUSY. In fact, the mass of the Higgs boson implies expectations for the SUSY spectrum that naturally accommodate TeV-scale DM candidates like the ∼ 1 TeV higgsino (see, e.g., [46] , and [47, 48, 49] for recent reviews).
In this regard, it is very recent news that the XENON-1T Collaboration has recorded a slight excess of events possibly corresponding to a signal in the hundreds of GeV or a TeV range [50] . Again, it is way too early to become excited, but there exists a possibility that the data point towards a DM candidate consistent with the TeV-scale, like the ∼ 1 TeV higgsino.
In this study we consider a supersymmetric class of BSM scenarios with a spontaneously broken U(1) X gauge symmetry and VL fermions, which can explain the LFUV experimental anomalies. As a concrete example we identify U(1) X with the anomaly-free global symmetry of the SM, L µ −L τ (the difference between the muon and tau lepton numbers), following, e.g., Ref. [21] and other subsequent papers. Apart from the B-physics anomalies, U(1) Lµ−Lτ can accommodate several other experimentally measured phenomena, like particular textures in the neutrino mass matrices [51] and the discrepancy in (g − 2) µ [52, 51] . Additionally, it guarantees that the new BSM sector remains well hidden from direct searches at proton and electron colliders, a welcome feature given the ever increasing lower bounds on BSM particle masses. We show that this framework resolves the (g − 2) µ discrepancy with, among others, a 1 TeV higgsino DM candidate, which is not possible in the MSSM.
The structure of the paper is as follows. In Sec. 2 we introduce the model and discuss some of its most relevant features for a subsequent analysis of the B-physics anomalies. In Sec. 3 we discuss in detail BSM contributions to the observables R K and R K * , B s mixing, and (g − 2) µ that can arise in our model. The main results of the study are presented in Sec. 4, which contains several benchmark points, a study of their dark matter properties and bounds and prospect from LHC searches and electroweak precision observables. We summarize our findings and conclude in Sec. 5. We provide technical details of the supersymmetric model in Appendix A.
Supersymmetric model with extra gauged U(1)
Motivated by the fact that extensions of the SM by a new gauge boson provide arguably the most natural solution to the LHCb flavor anomalies [21] , we consider in this work an extra abelian anomaly-free gauge group, U (1) Lµ−Lτ (denoted U (1) X in the rest of the paper). Under the new gauge symmetry the SM quarks remain neutral, whereas the SM leptons acquire L µ − L τ charges. Thus, the quantum numbers of the SM lepton Weyl spinors under the SU(3)×SU(2) L ×U(1) Y ×U(1) X group are
where we use a standard convention for the electron doublet, l 1 = (ν e , e L ) T and equivalent conventions for muons and taus apply.
The U(1) X symmetry is broken by the vacuum expectation values (vevs) of 2 new scalar fields, which are singlets under the SM group,
and which will be promoted to left-chiral superfields after supersymmetrization of the Lagrangian.
Note that in what follows we always indicate with lower-case letters the SM fields and with capital ones the BSM states. In order to generate the flavor-changing coupling of the new gauge boson, Z , to the b L and s L quarks one needs a VL pair of SU(2)-doublet quarks, one of which will mix with the SM left-handed quarks after the breaking of the U(1) X symmetry:
We also introduce two U(1) X neutral generations of VL leptons:
The reason for introducing new leptons is twofold. On theoretical grounds one could argue that VL lepton families are expected in the presence of TeV-scale VL quarks, if the model is to be eventually compatible with some sort of Grand Unification (GUT) mechanism (we will not, however, make any attempt at a GUT completion in this work). Moreover, the addition of VL leptons opens up extra channels for the interaction of the muons with the photon, which will lead to a better fit to the (g − 2) µ anomaly over a broad range of input parameters.
We can now write the superpotential of our model,
where in the first line of Eq. (8) 
where the coefficients of the terms in Eq. (9) represent new soft masses, B-terms, and Aterms, with self-explanatory meaning of the symbols. One finds additional states in the sfermion spectrum with respect to the MSSM: 4 extra squarks, 4 extra charged sleptons, and 2 sneutrinos. Finally, there are 4 real degrees of freedom in the 2 complex SM singlets S 1 and S 2 , one of which is transferred to the massive Z gauge boson, whereas the remaining ones give rise to 2 additional neutral "Higgs" fields, h , H , and one pseudoscalar, A . The gaugino content is enriched by 1 Majorana-like Z -ino, Z , and, after U(1) X breaking, 2 additional Majorana singlinos, S 1 and S 2 . The tadpole equations of the scalar fields beyond the MSSM ones, and the scalar mass matrix diagonalization, are shown in Appendix A. The parameter of greatest impact in the new scalar sector is the ratio of the vevs of the scalar fields S 1 and S 2 , tan β S ≡ v 1 /v 2 .
As was mentioned above, in this work we refrain from investigating GUT completions, or other possible UV extensions of the model in Eq. (8) . We rather focus on the phenomenological and experimental signatures that set it apart from the MSSM and non-SUSY versions of Z models. For this reason we make throughout the paper the simplifying assumption, often invoked in the literature, that the kinetic mixing of the U(1) Y and U(1) X gauge bosons is negligible at the scale of interest for the experimental signatures. Indeed, radiative corrections arising below the scale at which the VL superfields Q and Q decouple do in principle generate a non-zero kinetic mixing as [53] 
where g 1 and g X are the U(1) Y and U(1) X gauge couplings, respectively, and µ is the renormalization scale. This quantity, however, never exceeds typical values of the order of ∼ 10
for M Q and g X ranges considered in this study and can be neglected in a first approximation. Incidentally, note that ≈ 0 also implies there is no tree-level mixing between the MSSM and the new sector fields neither in the Higgs sector, nor in the neutralino mass matrices. As we shall see, this feature has important phenomenological consequences when it comes to the LHC constraints on the model. We also do not attempt to embed the model in a theory of flavor, which might eventually justify the structure of the Yukawa couplings emerging from the phenomenological analysis. Effectively, this means we delegate the theoretical explanation of whatever texture is favored by the data to the specifics of the unknown UV completion. In this spirit we further reduce the number of input parameters by imposing that the following parameters are negligible:
Note that the latter assumption also prevents our model from generating flavor-changing neutral currents among the MSSM fields, which are strongly constrained experimentally.
In conclusion, the only way the MSSM and the extra sectors communicate with each other at tree-level, apart from a direct coupling of Z to muons and taus, is through the mixing of the new quark and lepton fields with the SM quarks and lepton via the vevs of S 1 and S 2 . The size of this mixing, together with the value of the gauge coupling g X , are the main parameters of interest while discussing the phenomenological properties of the model.
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We present explicitly the tree-level fermion mixing matrices, charged slepton mass matrix, neutralino mass matrix and new Higgs states of the model in Appendix A.
Flavor signatures and the muon g -2
We give in what follows a brief overview of the flavor structure of the model, which provides a simultaneous solution to the R K/K * puzzles and the (g − 2) µ anomaly. We further observe these properties are consistent with expectations of a DM particle close to the TeV scale.
LFUV puzzles and B-meson mixing
The solution to the R K /R K * puzzle does not deviate significantly from the well-studied non-SUSY L µ − L τ counterpart [21] . The impact of new physics in b → s l l transitions is usually described in a model-independent way by the effective Hamiltonian
where G F is the Fermi constant and V tb and V ts are the elements of the CKM matrix. Equation (11) gives a linear combination of dimension-six operators, O i , and the corresponding Wilson coefficients C i . Dominant contributions to semi-leptonic decays are given by four-fermion contact operators:
with l = e, µ, τ . The impact of scalar operators is negligible once the constraints from B s → µ + µ − are taken into account [54] . On the other hand, chromomagnetic dipole operator and four-quark operators do not contribute to the LFUV processes.
New physics contributions (denoted by the subscript NP) to Wilson coefficients C 9 and C 10 are constrained by a number of experimental measurements, several of which reported anomalies in b → sµ + µ − transitions. The most up-to-date global fit [8] takes into account the measurement of 
where the superscript µ indicates a contribution from the operators with two muons in the final state. Note that, in order to explain LFUV, the equivalent C e 9,10,NP coefficients for the electron must not show a comparable deviation from the SM. Furthermore, the C 9,10 coefficients have been found to be consistent with the null SM expectation.
In a generic model with a tree-level contribution from a heavy non-universal Z gauge boson,
where the contributions to the right-handed quark current are negligible (as is the case in our model), the above-mentioned Wilson coefficients can be expressed as
where m Z is the mass of the Z boson, 
where S 0 ≈ 2.3 is a loop function. The bounds from B s meson mixing have been recently updated to include the latest Flavour Lattice Averaging Group (FLAG) results 3 yielding the limits at 2σ [58] −0.21 < R BB < 0.014 .
In our model, Z directly couples with flavor-diagonal strength g X to the muon and tau gauge eigenstates and to VL quark doublets Q, Q (we assume all U(1) X charges Q X = ±1, cf. Sec. 2). In order to impose the above constraints, the couplings ∆ 
where M d and M e are, respectively, the down-type quark and charged-lepton mass matrices, presented explicitly in Appendix A, and D d and D e are the corresponding diagonal matrices. By adopting a standard notation for mass eigenstates d i , e i in terms of gauge eigenstates
one gets
One can easily infer from the form of the down-type quark mass matrix, Eq. (53), that the right-handed effective coupling of the b, s quarks to the Z boson, D R 43 D † R 24 , is zero at tree level. Also, since we assume λ E,3 ≈ λ L,3 ≈ 0, at the tree level the muons and taus do not mix and one can safely neglect D L 32 ≈ D R 32 ≈ 0. 
B s mixing: Equations (23)- (25) are to a very good approximation expressed in terms of the model's input parameters as
In Fig. 1 (a) we show in the (m Z /g X , λ Q,2 = λ Q,3 ) plane the parameter space consistent at the 2 σ level with the B s mixing measurement [58] . We choose two representative values of tan β S : tan β S = 0.11 (orange parameter space) and tan β S = 5 (yellow). Note that the parameter space is much more constrained for tan β S > 1, due to the fact that the mixing between the U(1) X -charged quark D L and the SM down-type quarks is directly proportional to the v 1 vev only. This is a feature that will affect the bounds on the quark mixing sector throughout this work.
In Fig. 1(b) we show the impact of the R K /R K * constraint on the C Wilson coefficients -cf. Eqs. (14) and (15) -in the (m Z /g X , λ Q,2 = λ Q,3 ) plane, for the same two choices of tan β S . Again, one can see that the constraint is less dramatic when tan β S 1.
Muon g -2 and connections to dark matter
We recall that, once recent estimates of the hadronic and light-by-light scattering uncertainties are taken into account, the measured value of the anomalous magnetic moment of the muon, (g−2) µ , shows a ∼ 3.5 σ discrepancy with the SM: δ (g − 2) µ = (27.4±7.6)×10 −10 [59] . (Another recent review of the hadronic vacuum polarization contributions and uncertainties [60] yields an even more convincing δ (g − 2) µ = (31.3 ± 7.7) × 10 −10 .) In our model one observes several contributions to the calculation of (g −2) µ in addition to those of the MSSM. These extra terms can allow a good fit to the (g − 2) µ anomaly within a SUSY spectrum of broader mass range than in the MSSM. At the one-loop level, the dominant new-physics contribution to (g − 2) µ can be roughly subdivided into two categories [61, 62] . First, there are those due to neutral scalar fields (collectively indicated by S 0 ) and electrically charged fermions (collectively indicated by E ± ), which read
where m µ is the muon mass, c L and c R are the direct couplings of the BSM fields to the leftand right-chiral states of the muon, respectively, r ≡ (m E ± /m S 0 ) 2 , and the loop functions are given by
Secondly, there are those from charged scalars S ± and neutral fermions E 0 in the loop:
where
Note that Eq. (31) is negative when the fields of the new physics couple to just one of the chiral states of the muon, so that either c L or c R is equal zero, but it can become positive for (c L c * R ) = 0. In addition to these two groups, one finds in our model contributions from the exchange of neutral vector fields (like the Z ) and charged fermions in the loop, but they are subdominant in our model and we do not discuss them in what follows.
As is well known, in the presence of chirality-flip interactions of the new physics states with the muon (the term in c L c * R in Eqs. (28) and (31)), the calculation of (g − 2) µ receives
Figure 2: (a) The contribution to (g − 2) µ from the singlet scalar and VL lepton fields.
(b), (c) Examples of contributions from neutralino/slepton loops that cannot be found in the MSSM. In all cases it is implied the photon line is attached to the electrically charged particle in the loop.
a welcome boost from BSM contributions proportional to the bare mass of the new VL fermions, m E [63, 64, 65] . However, it is also well known (see, e.g., [66] ) that these contributions introduce sizable, albeit cut-off independent, loop contributions in the calculation of the muon mass, as the latter is not in this case protected by chiral symmetry. One finds
for any pair of mixing fermions m E 1,2 (or scalars m S 1,2 ) in the loop. This problem is generally dealt with by adjusting the value of the muon Yukawa coupling (which is not strongly constrained experimentally) until the large loop corrections are canceled point by point in the parameter space. We have designed our numerical scans so to have this procedure automatically carried out. The benchmark points we present in Sec. 4 are all characterized by the physical muon mass within ∼ 30% of the experimental value, where we have left some room for the unknown uncertainties of higher-order loop contributions. As pertains to the contributions to (g − 2) µ , in the regular MSSM [67, 68] these are generated by chargino/sneutrino loops, corresponding to Eq. (28), and neutralino/smuon loops, corresponding to Eq. (31). In the model described here, though, there exist important extra terms.
A first class of these diagrams are induced by the neutral (pseudo)scalars h , H , A , and the charged heavy leptons corresponding to L and E , as shown in Fig. 2(a) . By parameterizing the mixing of the new scalar and pseudoscalar fields via the angles α and α , respectively, as is done in Appendix A, one can express the couplings of the new scalars to the left-and right-chiral components of the muon and the 5 physical charged leptons, labeled by here in order of increasing mass, I = 1, .., 5:
where the fermion mixing matrices D † L,R are defined as in Eq. (22) . Our numerical analysis is based on a full one-loop numerical calculation, which takes into account all of the diagrams and couplings contributing to the measured observable. It is however worth briefly taking a look at a parametric approximation for the dominant contributions to (g − 2) µ .
In the limit tan β 1, the contribution from one of the new scalar fields, say H , and VL leptons reads
where m e 4 , m e 5 are the masses of the heaviest charged leptons in the spectra and r i = m 2 e i /m 2 H . We plot in Fig. 3(a) the parameter space regions yielding δ (g − 2) µ within 2 σ of the measured value using only the contribution given by Eq. (41). The figure is presented in the plane of the bare superpotential VL lepton mass terms, (M L , M E ), for two choices of new Yukawa couplings, λ L,2 = λ E,2 = 0.4 (orange region) and λ L,2 = λ E,2 = 0.8 (yellow region). A few other parameters of relevance are fixed as in the legend. One can see that the contribution from Eq. (41) becomes larger when the separation between the bare mass parameters is made large (M L M E or vice versa), and/or when lepton mixing due to the MSSM Higgs vev is sizable. The reader should be aware, on the other hand, that contributions to δ (g − 2) µ from other (pseudo)scalars (h , A ) tend to cancel the contributions of Eq. (41), as at least one of them always enters with opposite sign. In order to reduce the cancellation one is thus bound to consider parameter space characterized by m H m h , and the mixing angles relative to H , A should be preferably such that sin α ≈ sin α , cos α ≈ cos α .
It is important to note that contributions to δ (g − 2) µ due to new scalar/VL lepton loops, like Eq. (41), do not depend on the parameters of the neutralino sector and can in principle be present independently of the specific features of the SUSY spectrum. A consequence of this is that in principle, by means of these contributions alone, the model is able to resolve the (g − 2) µ anomaly for much broader range of DM mass values and properties than in the MSSM. There is, however, a second class of important diagrams that contribute to (g − 2) µ . They involve combinations of the 7 neutralinos and 10 sleptons of the model, see for example Fig. 2(b) and Fig. 2(c) . After ordering the neutralinos and sleptons by their increasing mass, I = 1, .., 7, K = 1, .., 10, one can write the full expression for the couplings to the muon chiral states,
in terms of the lepton, slepton, and neutralino mixing matrices defined as in Appendix A, gauge couplings g 1 , g 2 , g X , and isospin T 3 .
We point out that for this second class of important contributions we expect effects that largely extend the parameter space consistent with the measurement of (g − 2) µ with respect to the MSSM. Let us consider, for example, the well-known MSSM case of a nearly pure higgsino DM particle with a mass of ∼ 1 TeV. In the MSSM neutralino/slepton loop contributions to (g −
† mixing. Conversely, Eq. (43) shows that in the U(1)-extended model one can rely on the product of sizable gauge and/or Yukawa couplings (2g 2 X , λ L,2 λ E,2 , etc.) and large mixing angles to boost the calculated value of (g − 2) µ .
To guide the eye, we explicitly write down a parametric approximation of the contribution to δ (g − 2) µ due to the Z -ino and the two lightest sleptons in the spectrum, cf. Fig. 2(b) . One gets
in terms of an effective slepton mixing angle, θ eff , and where we define
as the squared ratio of the Z -ino mass to the i-th slepton mass. Typical values for sin 2θ eff range in the ballpark of 0.1 − 0.5, and its parametric expansion strongly depends on the particular chosen point in the parameter space. When the lightest sleptons are nearly pure smuon gauge eigenstates one gets, for example, sin 2θ eff ≈ 2 Y e,22 v u (µ tan
) . We show in Fig. 3(b) the parameter space in the (mẽ 1 , MZ ) plane in agreement with the measured δ (g − 2) µ at the 2σ level, and with a ∼ 1 TeV higgsino DM candidate. We plot exclusively the contribution due to Eq. (44), with sin 2θ eff = 0.3. The region in yellow is obtained when g X = 0.4, the region in orange when g X = 0.8, and the other relevant parameters are fixed to the values given in the legend. One can then see that the parameter space is much extended with respect to the MSSM [33] .
To conclude this section, we point out that in the most realistic cases the contribution to (g − 2) µ is given by a combination of all of these effects, which can sum and subtract from each other in a complicated way, depending on the parameter space region at hand. In particular, in the benchmark points we present is Sec. 4, δ (g − 2) µ is obtained in agreement with the measured value always as a result of the combination of many different diagrams, without one single mechanism playing a dominant role.
Numerical results and benchmark scenarios
In this section we present benchmark scenarios that fit the flavor constraints discussed in Sec. 3 and are representative of different interesting parameter space regions of the model. We also analyze their DM properties and give an overview of the typical LHC bounds.
Benchmark points
Each benchmark point was generated with the numerical package SARAH v.4.12.2 [69] . 1-loop corrected mass spectra and decay branching ratios were calculated with the corresponding SPheno [70, 71] We show in Tables 1 and 2 eight chosen benchmarks scenarios. In Table 1 we present their input parameter values. The top panel of the table gives typical values for the relevant MSSM input parameters; the bottom panel holds instead the values associated with the U(1) X sector.
In Table 2 we present physical masses and some mixing parameters of the selected benchmark points, and give the value of the observables of interest. All the benchmark points featured in the tables are characterized by δ (g − 2) µ in agreement with the experimental determination within 2 σ, the loop-corrected muon mass within 30% of the measured value, 
Dark matter
Depending on the properties of the lightest SUSY particle (LSP), our neutralino DM can be divided into three different categories. Note, however, that we focus here on the states typical of our Z -extended model and refrain from addressing those solutions giving the relic density and (g −2) µ in the MSSM, which generally involve a bino-like neutralino LSP co-annihilating in the early Universe with a slepton, or undergoing s-channel resonant annihilation mediated by one of the MSSM Higgs fields. (Note that slepton-coannihilation and A/H-funnel are also the favorite DM mechanisms in minimal MSSM extensions by a pair of VL fermion multiplets of the SU(5) group, which also contribute positively to the (g − 2) µ calculation [75] .)
• BP1-BP2: 1 TeV higgsino and the XENON-1T excess. Benchmarks BP1 and BP2 feature a ∼ 1 TeV higgsino
), which is a well studied DM particle of the MSSM [76] . Unlike in the MSSM, however, where typically there does not exist a solution for the (g − 2) µ anomaly in the parameter space with a ∼ 1 TeV higgsino, due to the associated large mass for the sleptons in the spectrum, in this model
BP1,BP2 µ > 10 −9 . The enhanced (g − 2) µ value is due to a combination of the mechanisms described in Sec. 3.2. In the particular case of BP1, the largest contribution is given by new neutralino/slepton loops, which boost the value of the anomalous magnetic moment even in the presence of a fairly large slepton mass, thanks to the presence of several neutralino states not far above the ∼ 1 TeV scale, as illustrated in Fig. 3(b) . In the case of BP2 the presence of a fairly light, 500 GeV scalar, h , associated with the breaking of the U(1) X symmetry, introduces a sizable contribution to the scalar/VL lepton loop, as described in Sec. 3.2 and illustrated in Fig. 3(a) . Note that in general, these new contributions require sizable, but not abnormally large, new Yukawa couplings: |λ L,2 |, |λ E,2 | ∼ > 0.5. Interestingly, benchmark points like BP1 and BP2 feature a typical value of the spinindependent cross section, σ SI p , large enough to provide a possible explanation for the slight excess of events observed in the XENON-1T 1-year data [50] . The XENON Collaboration has recorded a few events over the background consistent at ∼ 1σ with a best-fit point featuring σ • BP3-BP5: Well-tempered Z -ino/singlino. The three benchmark points BP3-BP5 represent scenarios in which the neutralino LSP is predominantly singlino, with a nonnegligible admixture of Z -ino. The relic density is obtained thanks to a combination of different annihilation diagrams and final states, the most dominant of which is a t-channel exchange of the second singlino to pair-produce the lighter Z or h boson, as depicted in Fig. 4 . This scenario is reminiscent of the "well-tempered" neutralino of the MSSM [77] but, unlike the latter, it involves exclusively the neutralinos of the Z -related sector. The parameter space spans over a wide range of neutralino mass values, which can be as heavy as ∼ 1 TeV, and of spin-independent cross sections, typically in the range σ Since the dominant interaction of the neutralino with nuclei in underground detectors stems in this case from a t-channel exchange of the scalar h , its strength is highly Figure 4 : Example of early-Universe annihilation diagrams for highly-mixed Z -ino/singlino neutralinos, yielding to final states dominated by the h and Z bosons.
dependent on the size of the effective loop couplings that, on the one hand, connect h to the gluons in the proton, and on the other, generate the mixing of h with the SM Higgs (recall that at the tree level the scalar mass matrix is block-diagonal). Since to efficiently control the relative size of these effects one would need a detailed analysis of the loop interactions of the model, we do not attempt in this work to connect this type of mixed neutralino scenarios to the XENON-1T excess.
As pertains to the (g − 2) µ anomaly, the dominant contribution for BP3-BP5 is given by the neutralino/slepton loops, enhanced by the presence of several neutralinos not far above the ∼ 1 TeV scale, and sizable Yukawa couplings |λ L,2 |, |λ E,2 | ∼ > 0.5.
• BP6-BP8: Z resonance. The last set of benchmark points give examples of neutralinos that show a sizable Z -ino composition, with subdominant or equivalent singlino components. In the early Universe an annihilation cross section of the right size for the relic abundance can be obtained through an s-channel resonance with the fairly broad Z boson, yielding to final states highly dominated by muons and taus, as is typical of L µ − L τ models (see, e.g., [34, 42] ). We show the diagram for this process in Fig. 5 .
As before, the spin-independent scattering cross section with protons is due to the exchange of a h boson, and is consequently suppressed by loop effects. At the same time, the present-day annihilation cross-section, σv, is suppressed by p-wave and thermal broadening, so that this scenario is difficult to detect by direct and indirect searches for DM. As we shall see in Sec. 4.3, since BP6-BP8 are characterized by a fairly light Z boson, in the cases where tan β S > 1 the best prospects for detection might be provided by the high-luminosity LHC (HL-LHC).
We summarize in Fig. 6 the position of our eight benchmark points in the (m χ , σ 
Additional constraints on the flavor structure
As we have seen in the previous sections, a proper fit to the (g − 2) µ and flavor anomalies requires the presence of an extra flavor structure beyond the MSSM. While flavor physics (and in particular B s -mixing) provides the dominant constraint on our model, other BSM searches can also be relevant in certain regions of the parameter space.
Neutrino trident production
Since the L µ − L τ gauge boson couples at the tree-level to muon and tau neutrinos, one can expect a strong enhancement in the neutrino trident production N ν → νN µ + µ − [78] . The cross section for this process has been measured by the CCFR [79] and CHARM-II [80] collaborations to be in agreement with the SM prediction, leading in the large m Z limit (m Z ∼ > 10 GeV) to a generic bound:
This constraint typically provides a lower bound on the accessible m Z mass, independent of the remaining parameters of the flavor sector.
LHC Higgs measurements in the muon channel
We have mentioned in Sec. 3.2 that, since the largest contributions to the calculation of (g − 2) µ involve loop diagrams that violate chiral symmetry, one must proceed to tune the Yukawa coupling of the muon against large loop corrections to the muon mass. Thus, a powerful constraint on the benchmark points can be derived from measurement of SM Higgs decay in the µµ channel, which test directly the effective muon Yukawa coupling. The current experimental signal strength for this channel is σ/σ SM = 0 ± 1.3 [81] .
Since the mixing between the new Higgs sector and the MSSM one is loop-suppressed, the production mechanism for the 125 GeV Higgs boson is to a good approximation similar to the one of the SM. Hence the quantity that determines directly the signal strength is the branching ratio to muons, which in the SM reads BR(h SM → µµ) = 2.2 × 10 −4 [81] . We report the corresponding value of the branching ratio for our benchmark points at the bottom of Table 2 . Note that in all benchmark points we are within the current upper bound BR(h SM → µµ) < 5.7 × 10 −4 , even if all points are characterized by significant loop contributions to (g − 2) µ .
At the tree level, the branching ratio is directly proportional to the effective Yukawa coupling squared, |Y eff,22 | 2 , between the SM Higgs h SM and the muon: L ⊃ −Y eff,22 (h SM e L,2 e R,2 + h.c.). In our model, this effective coupling can be readily expressed as
where we use the rotation matrix elements defined in Eq. (22), and the Higgs rotation angle α is defined in Appendix A. In the large tan β limit, we find
In particular, the effective Yukawa coupling contains a term originating from the new VL sector. Hence, depending on the values of Y e,22 and Y 1 the two terms can cancel out, leading to a branching ratio significantly lower than the SM value. This typically occurs in our benchmark points BP6 and BP8. The main consequence of these effects is that, by increasing the sensitivity of Higgs searches in the muon channels, the LHC collaborations can constrain the Yukawa couplings of our models, which in turn will refine the predictions of our model for (g − 2) µ and flavor observables in general.
LHC exotica searches
The MSSM sector of the model could be in principle tested by a wide set of the LHC SUSY searches. However, since all the anomalies discussed in Sec. 3 can be accommodated by setting the masses of the MSSM gluinos, charginos, squarks, and sleptons above the corresponding experimental lower bounds, we do not consider the impact of these searches in this work.
On top of the MSSM particles, the model presented in this paper can feature several new fields in the sub-TeV regime, including the new gauge boson an additional neutral Higgs boson, and the fourth and fifth-generation VL leptons. In the following, we will study the bounds on these states from existing LHC searches, to ensure that the benchmark points presented in Tables 1 and 2 are compatible with the experimental data. In our numerical analysis we use the UFO model file generated by SARAH v.4.12.2 [69] and passed to MadGraph5 aMC@NLO [82] to estimate the relevant LO cross sections times the branching ratio quantities. Z signatures The new gauge boson Z couples to the SM fields either through its mixing with the Z boson (which we assume to be negligible in this study), or through the mixing between the U(1) X -charged VL quarks and their SM counterparts.
The dominant production mechanism of Z is heavy quark fusion, as shown in Fig. 7 (a). Since it can only proceed through the mixing of Q with the s and b quarks, it is PDFsuppressed and crucially depends on the value of v 1 , see Eq. (26) . This implies that Z production is strongly suppressed when tan β S 1.
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The dominant visible decay channel of Z is into a pair of muons or taus. The strongest experimental limits at √ s = 13 TeV are provided by the ATLAS [83] and CMS [84] high-mass resonance searches based on the dilepton channels for 36 fb −1 luminosity. The limits apply to the product of production cross section times the branching fraction into a pair of muons, as a function of the Z mass. In Fig. 8(a) we show in red solid the 95% C.L. dilepton exclusion upper bound based on the ATLAS analysis as a function of the new Yukawa coupling λ Q,2 and of the Z mass, for the choice of other model parameters corresponding to BP1 (depicted with a blue triangle). We also present, as a red dashed line, our estimate of the potential reach of the HL-LHC with an integrated luminosity of 3000 fb −1 . Incidentally, note that the parameters of interest for the Z production are M Q , λ Q,2 , v 1 and g X , the same that also enter the B s mixing. However, in contrast to the upper bounds from B s -mixing (depicted in Fig. 8(a) as a gray shaded region) , the Z production relies mostly on the mixing between the VL quark Q and the strange quark, and hence on the product v 1 λ Q,2 . This implies that when the Yukawa couplings of the VL quarks present an inverted hierarchy, λ Q,3 λ Q,2 , the exclusion bound bites more deeply into the region of the parameter space favored by the LFUV anomalies, shown here in green. We illustrate this effect in Fig. 8(b) , in which we assume that λ Q,2 = 10 λ Q,3 . This feature opens up the possibility of experimentally testing the structure of the BSM flavor sector with the HL-LHC. Finally, the fact that the Z is dominantly produced through its coupling to strange quarks sets apart the low-energy limit of our model from the effective approach of [85] where it was found that a discovery at HL-LHC required large B s -mixing values.
We do not show the corresponding exclusion bounds for other benchmark points from Table 1 Figure 8: Upper bounds from B s -mixing (gray area), neutrino trident production (dark gray area), exclusion line from current ATLAS [83] dilepton search (red line), our HL-LHC projection for the same analysis (dashed red line), di-Z search from h decay (orange line, only in (a)) and the region favored by the R K ( * ) anomalies (green area), in the λ Q,2 and m Z /g X plane for the ratios (a) λ Q,2 = λ Q,3 , (b) and λ Q,2 = 10 × λ Q,3 . All other parameters are chosen according to benchmark point BP1 (blue star) as presented in Tables 1 and 2 . interest is exactly the same as the one shown in Fig. 8(a) . If, on the other hand, tan β S 1 (as is the case of BP3, BP4, BP6, and BP7), Z production is strongly suppressed at the LHC and the dilepton searches do not provide any constraints for perturbative values of λ Q,2 .
New light Higgs decays
In order to open up an efficient mechanism for pair annihilation of the neutralino LSP in the early Universe, for BP3-BP5 the lighter of the two new neutral Higgs bosons, h , has a mass in the sub-TeV regime. Similarly the sub-TeV Z and h are favored by (g − 2) µ in the case of BP1 and BP2 and by the Z resonance for BP6-BP8. When kinetic mixing is negligible, h interacts with the SM particles either through its (loop-induced) mixing with the SM Higgs, or through the loops mediated by the new VL fermions. The dominant production channel of h is gluon fusion, shown in Fig. 7(b) , with an effective coupling to gluons C h gg generated via the two above-mentioned mechanisms. The former typically dominates for lighter h , while the latter for heavier.
Decays of the new Higgs boson are driven mostly by its mixing with the SM Higgs, with the highest branching ratios into h → W + W − and h → ZZ for the benchmark points shown in Table 1 . Such decay channels have been studied by both the ATLAS and CMS collaborations, with the most recent results reported in [86, 87, 88] for the former, and [89] for the latter. While these searches can typically probe σ × BR values down to 10 − 100 fb, in our model h production is typically very suppressed by being loop-induced. Overall, we find that the corresponding experimental bounds, illustrated in Fig. 8(a) as an orange solid line, are weaker than the ones from the Z searches.
More generally, we observe that also in this case tan β S is the key parameter that allows to access the new sector experimentally. Since only the S 1 scalar couples directly to the new heavy VL quarks, see Eq. (8), for tan β S 1 the new light Higgs boson is effectively secluded from the SM.
Masses of VL fermions
The new VL leptons can be pair-produced at the LHC via Drell-Yan. Their preferential decay modes are e 4,5 → e 2 Z , e 4,5 → e 2 h for lighter Z , and e 4,5 → e 2 Z, e 4,5 → e 2 h when the Z is heavier than all of the leptons. Multi-lepton searches at the LHC typically set constraints on these second type of decay chains, which translate into a lower bound on the VL lepton mass of the order of M L , M E ∼ > 200−300 GeV, depending on the branching ratio [90, 91] .
In the bulk of our parameter space, however, the 4th and 5th lepton generations are generically heavier and decay preferentially via Z and h . While the former lead to final states similar to the standard Z-induced decay (but with different kinematics due to the heavy mass of the Z ), the latter typically implies final states with larger lepton and/or jets multiplicities, as h decays in turn into a pair of W or Z bosons. No existing LHC bounds actually apply to these states, and deriving a constraint would require a full recasting, which exceeds the purposes of this work. Let us simply note that the pair production cross section for such state is typically very small: σ pp→L L ≈ 2 fb for VL lepton masses of around 500 GeV.
It is easier to pair-produce the new VL quarks. Searches for heavy tops/bottoms have been regularly updated by both the ATLAS and CMS collaboration, with exclusion bounds implying M Q ∼ > 900 − 1300 GeV depending on the branching ratio of the VL particles. These searches generally assume decay channels to b/t mediated by h/W/Z. In our model Q and Q often dominantly decay emitting an h or Z instead of a SM boson. As BR(Z → ν µ,τ ν µ,τ ) ≈ 30%, the most relevant (and directly applicable) search is the ATLAS Collaboration bound [92] , on Q → tZ followed by Z → νν. It reads M Q ∼ > 1 TeV. Interestingly, the L µ − L τ nature of the Z implies that it decays almost exclusively into leptons, making VL searches based on multi-jets final state less-sensitive.
Overall, since the flavor anomalies considered in this study only loosely constrain the mass of VL quarks, we choose M Q in the multi-TeV region, safely away from all current LHC bounds.
Electroweak precision
Another class of low-energy observables that can be affected by BSM physics above the EW scale are the electroweak precision observables (EWPOs). Within the model considered in this study they can in principle originate from different sources. SUSY is known to not generate large contributions to EWPO constraints [93] as it decouples quickly with M SUSY . Extra scalar multiplets could in principle be responsible for measurable deviations from the experimental data if their components were not mass-degenerate. This is, however, not the case in this study since S 1 and S 2 are SM singlets. Therefore, the only source of extra contributions to EWPOs are VL fermions Q, Q , L, L , and E, E . Since the VL fermions couple to the gauge bosons with vector couplings only, and we assume in this study that the kinetic mixing between Z and Z is negligible, their contribution to EWPOs is expected to be proportional exclusively to the mixing with the chiral fermions of the SM. Table 3 : Suppression factors of the VL lepton-gauge boson couplings w.r.t. the SM ones.
The first class of BSM corrections we analyze are the oblique corrections to the gauge bosons' vacuum polarization, quantified by the Peskin-Takeuchi parameters S, T and U [94] . The size of the parameter T depends on the difference between the Z and W bosons' selfenergies, and as such is sensitive to the mass splitting between the components of electroweak doublets [95] ,
where α is the fine-structure constant, and
where we denoted as m 1 and m 2 the masses of the doublet's components. In our scenario both components of the VL doublets Q, Q and L, L remain degenerate at the tree level, so that the resulting contribution to T is very small. The oblique parameter S is defined as [94] 
Vacuum polarizations scale like Π AA ∼ c 2 L,R , where c L and c R denote couplings of the left-and right-handed fermions to the corresponding gauge bosons, in analogy to the ones introduced in Sec. 3.2. In our scenario the size of the effect is directly proportional to the mixing of the VL fermions with the ones of the SM,
where c SM L,R denote the corresponding left-and right-handed couplings of the SM chiral fermions. As a result, the BSM contributions to S are strongly suppressed by a small mixing of the BSM sector with muons and quarks b and s. The corresponding suppression factors in the lepton sector for the benchmark points are presented in Table 3 . The corresponding suppressions in the quark sector are of the order of 10 −4 . Finally, contributions from VL fermions to the oblique parameter U are generally much smaller and can be neglected.
The non-oblique corrections, i.e., one-loop corrections to the coupling of the Z boson with the left-handed and right-handed muons can arise due to their mixing with the BSM leptons L, L and E, E . Again, since they are given by
the extra sector contribution is strongly suppressed.
Summary and conclusions
In this work we considered a supersymmetric version of a model with an L µ − L τ gauge symmetry and the addition of VL fermions. In several studies SM extensions based on U(1) Lµ−Lτ without SUSY have been shown to provide arguably the most natural framework for an explanation of the recent LHCb flavor anomalies. In this work we showed that, by further introducing supersymmetry, the model becomes endowed with several welcome additional features, on top of reproducing the Wilson coefficients C µ 9,NP and C µ 10,NP favored by the global effective field theory fits.
First and foremost, the SUSY model can show excellent agreement with the long-standing experimental anomaly in (g − 2) µ , and naturally provide a WIMP DM candidate, in the form of the lightest neutralino. These are not in themselves features exclusive to the SUSY extension, as some papers have already pointed out that parameter space can be found in non-SUSY U(1) X models where viable solutions for thermal DM and (g − 2) µ coexist. What is, however, a peculiar feature of the SUSY extension is that the regions of the parameter space abiding to both the relic density and (g − 2) µ constraints can accommodate a DM particle as heavy as the TeV scale, due to the presence of new Higgs fields and additional neutralinos in the spectrum, which show sizable interactions with the muon and charged sleptons. This feature places our model in contrast to both its non-SUSY counterparts and the MSSM, where the measurement of the muon anomalous magnetic moment typically constrains the WIMP to a maximum mass of a few hundred GeV.
Interestingly, among those TeV-scale WIMPs associated with a solution to the flavor anomalies we find the well-known ∼ 1 TeV higgsino, which in the MSSM is the typical DM accompanying sparticles in the multi-TeV range, and thus emerges as favorite in global statistical SUSY analyses after the discovery of the Higgs boson at 125 GeV. As the characteristic scattering cross section of the higgsino with nuclei is expected to be within the near-future reach of underground direct detection experiments, an exciting possibility opens up, that the model considered here might provide an explanation for the very recent slight event excess in the large DM mass region reported by the XENON-1T Collaboration.
We finally showed that the constraints from flavor precision measurements and direct BSM searches at the LHC do not currently probe the parameter space relevant for the analyzed muon anomalies. At the same time we pointed out that some novel experimental signatures can arise, possibly allowing the model to be tested at the LHC in searches for VL fermions. More precisely, the VL quarks and leptons mostly decay by emitting a heavy boson h or Z instead of a SM one as is usually assumed in standard searches. This typically leads to leptonically-rich final states and to leptons with higher p T than in standard VL searches.
More generally, the fact that the Z originates from a L µ − L τ gauge symmetry implies that observing a signal in multi-lepton VL searches, but not in multi-jets, could play the role of smoking gun for this type of models.
A Some details of the model
We provide in this appendix some of the technical details of our model. The superfield content and gauge quantum numbers with respect to the four gauge groups are summarized in Table 4 .
Fermion masses
The explicit tree-level form of the charged lepton mass matrix reads, in the
where v 2 ≡ v We adopt throughout this paper the assumption λ L,3 ≈ λ E,3 ≈ 0.
The explicit form of the tree-level down-type quark mass matrix, in the basis
where we assume throughout this work that λ Q,1 ≈ 0. As was mentioned in Sec. 3.1, we diagonalize the fermion mass matrices by means of unitary matrices, D L , D R and D L , D R , such that
where M d and M e are, respectively, the down-type quark and charged-lepton mass matrices presented above and D d and D e are the corresponding diagonal matrices. Mass eigenstates d i , e i in terms of gauge eigenstates d i , e i , where the former are ordered by increasing mass, and the latter are ordered as in the bases given above, are given by
SUSY sector masses The 10×10 dimensional slepton mass matrix M 
The slepton mass matrix is diagonalized by a unitary matrix R s , such that
and the mass eigenstates are given in terms of the gauge eigenstates, in the order given above, asẽ
And finally let us explicitly write the 7 × 7 dimensional neutralino mass matrix at the tree level, in the basis (B,W ,h d ,h u ,Z ,S 1 ,S 2 ),
The neutralino mass matrix is diagonalized by a unitary matrix R n , such that
and the mass eigenstates are given in terms of the gauge eigenstates, in the order given above, as χ
Higgs sector masses We neglect in this work the small kinetic mixing between the SU(2) L ×U(1) Y and U(1) X gauge bosons. As a consequence, the scalar sector associated with the breaking of U(1) X mixes with the MSSM Higgs sector at the loop level only. At the tree level, the squared mass matrices of the Higgs scalars are thus block-diagonal and the physical fields can be easily parameterized in terms of the gauge eigenstates as
where the angles α, α , which explicitly enter Eqs. (35)- (40), parameterize, respectively, rotation matrices R h * ij and R h * ij that diagonalize the scalar mass matrices squared of the two sectors:
Note that the explicit form of the Higgs mass matrix, M 2 h,2×2 in Eq. (95) , is the same as in the MSSM, whereas M 2 h ,2×2 can be constructed in a specular way and, not being particularly illuminating, we refrain from presenting it explicitly here.
Equivalently, we parameterize the new pseudoscalar field, A , and Goldstone boson G 
in terms of the effective angle α which is also featured in Eqs. (35)- (40) .
Tadpole equations
Finally, we recall the tree-level tadpole equations resulting from minimization of the scalar potential with respect to the extra sector scalar fields S 1 and S 2 :
